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Abstract 

We investigate the TeV-scale stringy signals of the four-fermion scattering at the electron-positron 
collider with the center of mass energy 500 — 1000 GeV. The nature of the stringy couplings leads 
to distinguishable asymmetries comparing to the other new physics models. Specifically, the stringy 
states in the four-fermion scattering at the leading-order corrections are of spin-1 and 2 with the 
chiral couplings inherited from the gauge bosons identified as the zeroth-mode string states. The 
angular left-right, forward- backward, center-edge asymmetries and the corresponding polarized-beam 
asymmetries are investigated. The low-energy stringy corrections are compared to the ones induced 
by the Kaluza-Klein (KK) gravitons. The angular left-right asymmetry of the scattering with the final 
states of u and <i-type quarks, namely c and b, shows significant deviations from the Standard Model 
values. The center-edge and forward-backward asymmetries for all final-states fermions also show 
significant deviations from the corresponding Standard Model values. The differences between the 
signatures induced by the stringy corrections and the KK gravitons are appreciable in both angular 
left-right and forward-backward asymmetries. 
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I. INTRODUCTION 



There is a number of new physics (NP) models beyond the standard model (SM) of particle 
physics. Motivated by the hierachy and/or the fine-tuning problem in the SM, most NP models 
propose new states with TeV-scale masses. A few examples are the SUSY models, models with 
extra gauge bosons [Z' models), and the models with extra dimensions. When the masses of 
the NP states are heavier than the center of mass (CM) energy of the collider, the effects of 
the NP can be measured indirectly in terms of the deviations of the SM observables such as 
the total cross section and various asymmetries. The deviations from the SM in the scattering 
processes are determined by the mass, spin, and coupling strength of the new states being 
exchanged by the initial state particles. 

The question of how to distinguish new states with different spins and couplings at the low 
energies arises at the sub-TeV e + e~ collider. While the CERN Large Hadron Collider (LHC) 
will probe NP models with the TeV-scale masses, we certainly need the precision measurements 
to distinguish signature of one model from the others. The precision measurements of the 
four-fermion scattering at the e + e" collider are expected to efficiently reveal the nature of 
the intermediate states being exchanged by the fermions. The angular distributions and the 
asymmetries induced by various new states provide information of the spin and coupling of the 
interactions. 

At the International Linear Collider (ILC) with the center of mass energy E cm = 500 — 1000 
GeV, the TeV masses could not be observed directly as the resonances since they are heavier 
than E cm . Low energy Taylor expansion is a good approximation for the signals induced from 
the NP models and the corrections will be characterized by the higher dimensional operators. 
For the 4-fermion scattering, the leading-order NP signals from the states with spin-0 and spin- 
1 such as leptoquarks, sneutrino with i?-parity violating interactions [1] and Z' will appear 
as the dimension-6 contact interaction at low energies. As a candidate for the NP state with 
spin-2, the interaction induced by the (massive) gravitons, h^T^/Mpi, can be characterized 
at the low energies by the effective interaction of the form —iXT^T^/Mfj , a dimension- 8 
operator. In the viewpoint of effective field theory, this effective interaction does not need to 
be originated from the exhanges of massive graviton states and it is not the most generic form 
of the interaction containing dimension-8 operators. However, it certainly has the gravitational 
interpretation due to the use of the symmetric energy- momentum tensor T^ v . It can be thought 
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of as the low-energy effective interaction induced by exchange of the KK gravitons (in ADD 
and RS [f| scenario) interacting with matter fields in the non-chiral fashion. 

In the braneworld scenario where the SM particles are identified with the open-string states 
confined to the stack of D-branes subspace, and gravitons are the closed-string states propagat- 
ing freely in the bulk spacetime 0,0], table-top experiments [l| and astrophysical observations 
allow the quantum gravity scale to be as low as TeVs 0. Since the string scale, Ms, in this 
scenario is of the same order of magnitude as the quantum gravity scale, it is possible to 
have the string scale to be as low as a TeV. The TeV-scale stringy excitations would appear 
as the string resonances (SR) in the 2 — > 2 processes at the LHC Q|. The most distin- 
guished signals would be the resonances in the dilepton invariant mass distribution appearing 
at Vs = \/nMs,n = 1,2, ... Each resonance would contain various spin states degenerate at 
the same mass. These SRs can be understood as the stringy spin excitations of the zeroth 
modes which are identified with the gauge bosons in the SM. They naturally inherit the chiral 
couplings of the gauge bosons. 

In this article, it will be shown that the leading-order stringy excitations of the exchang- 
ing modes identified with the gauge bosons in the four-fermion interactions will contain both 
spin-1 and 2. Their couplings will be chiral, inherited from the chiral coupling of the zeroth 
mode (identified with the gauge boson). Namely, we construct the tree-level stringy amplitudes 
with chiral spin-2 interactions (in addition to a stringy dimension-8 spin-1 contribution con- 
trasting to the dimension-6 contributions from other Z' model at low energies) which cannot be 
described by the non-chiral effective interaction of the form —iXT^T^/Mfj as stated above. 

This article is organized as the following. In Section II, we discuss briefly the construction of 
the stringy amplitudes in the four-fermion scattering as is introduced in the previous work (jj 
ll2L Il3l Il4j . the comments on the chiral interaction are stated and emphasized. In 
Section III, the low-energy stringy corrections are approximated. The angular momentum 
decomposition reveals the contribution of each spin state induced at the leading order. In 
Section IV, we calculate the angular left-right, forward-backward, and center-edge asymmetries. 
The extensions to partially polarized beams are demonstrated in Section V. In Section VI, 
we make concluding remarks and discussions. The low-energy (E < M) expressions for the 
asymmetries A LR (z), A FB , A CE (z*) induced by the SM and the NP models (KK gravitons and 
SR) up to the order of 0((E /M) 8 ) are given in the Appendix. 
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II. OPEN-STRING AMPLITUDES FOR THE FOUR-FERMION INTERACTIONS 



The 4-fermion processes that we will consider are the scattering of the initial electron and 
positron into the final states with one fermion and one antifermion, e~e + — > ff. We will ignore 
the masses of the initial and final-states particles and therefore consider only the processes with 
f = fi,r,q where q = u,d, c, s, b. The physical process will be identified as fi + fa — > fa + f^. 
The s,t and ^-channel are labeled (1,2), (1,4) and (1,3) respectively. 

To make a relatively model-independent phenomenological study of the TeV-scale stringy 
kinematics, we adopt the parametrised "bottom-up" approach for the construction of the tree- 



level string amplitudes [10|, |l2j, |l3j, |14(. In this approach, the gauge structure and the assign- 
ment of Chan-Paton matrices to the particles are not explicitly specified. The main require- 
ment is that the relevant string amplitudes reproduce the SM amplitudes in the low energy 
limit (s/Mg — > 0, field theory limit). This implies that we identify the zeroth-mode string 
states as the gauge bosons of the SM. The expression for the open-string 4-fermion tree-level 
helicity amplitude for the process £ a I/3 — > f a fp with a, (3 = L, R; a ^ f3 is jl(] | 

Astring^Jp ~> fafa) = Wl S '(«, t)~F aa + ig\j — f '(s, t, u) , (1) 

s us 

f(s,t,u) = uS(s,t)+sS(t,u)+tS(u,s) (2) 

where 

= ra-^rq-a-t) 

v ' ' r(l - a's - a't) v ; 

and the Regge slope a' = Mg 2 . The interaction factors from the exchange of photon and 
Z (chiral) are given by 

F aP = 2Q e Q f x w + —L^ (4) 

Here x\y = sin 2 Q w and the SU(2) L coupling g L = ej sin^- The neutral current couplings are 
g{ = T 3 f — QfXw, g{i = —QfXw The Chan-Paton parameter T represents the tree-level stringy 
interaction which cannot be determined in the field theory limit s/Mg — > since f(s, t, u) — > 0. 
The amplitude for other helicity combination £ a £p — > fpf a is given by t «-> u and an index 
exchange in the F factor 

— — 11 u 

A st ring{£Jp -> fpfa) = Wl S X u i s)-F aj3 + ig\T — f (s,t, u) . (5) 

S vS 
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Since the Veneziano-like function S(s, t) and S(u, s) are appearing with the chiral cou- 
plings (the factor F) in the amplitudes, the piece of the stringy states induced by this function 
will have the similar chiral couplings to those of the SM. On the other hand, the purely stringy 
interaction piece, proportional to T, are assumed to be non-chiral and the values of T are set 
to the same value for all helicity combinations. 



III. LOW-ENERGY STRINGY CORRECTIONS 



For E = E cm < Ms, we can use Taylor expansion to approximate the leading order stringy 
corrections to the amplitudes. They are in the form of the dimension-8 operator 



7T 2 , StU 

the amplitude in Eq. (JTJ) becomes 



f(s,t,u) ~ --(— 4 ), (7) 



2 V M| 



A(tjf, - fjp) igl (^F aa - ^(F aa + 3T)^^) . (8) 

Again, for i a lp — > fgf a , the amplitude is t <-> u and F aa — > F Q/3 of the above. 

The stringy correction can be decomposed into the contribution from the angular momentum 
states, j = 1,2. Using the Wigner functions d\ ±1 (cos 6 = 1 + 2t/s) = (1 ± cos6')/2 and 
dl ±1 (cos9) = t(1±cos6)(It2cos9)/2, 

$ = jrf!,. + j<! do) 

where 6 1 is the angle between the incoming electron and the outgoing antifermion in the cm. 
frame. From Eq. (f51fTU|). we can see that the couplings of the j = 1,2 states, proportional to 
(F + 3T), inherit the chirality from the coupling F of the zeroth mode gauge boson exhange 
in the SM. This is the distinctive feature of the couplings of the string states in this "bottom- 
up" approach. Because of the chirality of the coupling, the j = 2 interaction in these stringy 
amplitudes cannot be described by the effective interaction of the form —iXT^T^/Mfj. As long 
as we couple the spin-2 state W to the energy-momentum tensor which does NOT contain 
information of the chirality of the fermions, the interaction will always be non-chiral. Therefore, 



the effective interaction of this kind can never describe the chiral stringy interaction induced by 
the worldsheet stringy spin excitations in the string models under consideration (i.e. the models 
which address chiral weak interaction). As a comparison, we give the SM-KK amplitudes where 
the KK part is induced by the effective interaction of the form —iXT^T^/Mjj as 

A KK (£Jp - Up) = igl-F aa - 2i\-^-(3 + 4-) (li; 



- .... — j f i 
s Mfj s s 



A KK (iJp - fM = igl-F aP + 2i\— r -(3 + 4-) (12) 

S H ^ ^ 

for a, P = L, R and a ^ (3. The KK-gravitons contributions can be represented by the Wigner 
functions as 

|(3 + 4|) = -d^cosfl) (13) 

7/ II 

-(3 + 4-) = £ J cosO). (14) 

s s 

The chiral spin-1 and spin-2 stringy interaction will lead to remarkable and unique phenomeno- 
logical signatures in the 4-fermion scattering at the electron-positron collider even when com- 
pared with the contributions from KK gravitons as we will see in the following. 

IV. THE ASYMMETRIES 

The left-right (Am) and forward-backward (Afb) asymmetries quantify the degrees of the 
chirality of the interaction under consideration regardless of the spin of the intermediate states. 
On the other hand, the center-edge asymmetry (Ace) does NOT contain any information on 
the chirality of the spin-1 interaction (at least in the massless limit) ^j]. For spin-2, Ace shows 
dependence on the chirality of the couplings of the intermediate states in the scattering as we 
will present in Section V. Therefore, we can use Ace to distinguish NP models with spin-2 
mediator from the models mediated by the spin-1 state. Among the class of models with spin-2 
interactions, we can use the Alr, Afb to distinguish one model from another as demonstrated 
in Fig. ^ and Fig. IUJIH] for the case of SR versus KK-gravitons. 

A. Left-Right Asymmetries 

The angular left-right asymmetry is defined as a function of z = — cos 9 as 

da j dap\ , ( da 
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where &l(r) is the cross section of the scattering of the 100% left(right)-handedly polarized 
electron beam with the 100% right (left)-handedly polarized positron beam. The angular left- 
right asymmetries induced by the stringy corrections are plotted as in Fig. Q in comparison to 
the KK-graviton model. It is interesting to comment that the angular left-right asymmetries 
induced by the stringy corrections differ significantly from the SM distributions only in the 
quark (u and d) final states. The difference in fi is hardly visible. This feature is similar to the 
asymmetries induced by the KK gravitons 3]. 

B. Forward-Backward Asymmetries 

The forward-backward asymmetry is defined as 

N f -Nb . . 

where Np^B) is the number of events in the forward (backward) direction. The numerical values 
of the unpolarised forward-backward asymmetries for the SM and the stringy amplitudes with 
E = 500 GeV, M s = 1.5 TeV, and T = 1, 4 are 

f 0.46,0.39 (0.49) for £ = li, r, 

A st^ng(SM) = I Q ^ Q ^ ^ for ^ ( 17) 

[ 0.67,0.60 (0.64) ford. 
The deviations of the values with the stringy corrections from the SM values are linearly 
dependent on T and (E/Ms) A at the leading order as we can see from the expression in the 
polarized beams section with P\(2) = 0. This is true only for the scattering at low energies 
comparing to the string scale. At higher energies E ~ Ms or around the SRs at E ~ y/nMs, 
the forward-backward asymmetries become very small due to the non-chiral choice of the Chan- 
Paton parameters T which efficiently dilutes the chirality of the interaction 
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C. Center-Edge Asymmetries 

The center-edge asymmetry is defined as a function of the cut of the central region z* as 



1 

A C e = - 
a 



da 

—dz 
dz 



The deviations of the center-edge asymmetry from the SM values of the unpolarised beams, 
AAc E ] n9 = Aq™ 9 — AfJfi, are plotted with respect to z* in Fig.EJ A few interesting remarks are 
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worthwhile making. There is distinctive feature between Ace of the lepton \i and the quarks, 
u and d. The effect of the non-chiral purely stringy interaction represented by the value of T is 
opposite for \x and u. On the other hand, the features of \x and d-type quark are, for the small 
value of T(< 1), roughly the same. For large value of T(~ 4), the deviation from the SM of the 
<i-type becomes negative and appears very distinctive from the corresponding value of the /i. 
This strange behaviour is originated from the competing contributions between T 2 appearing 
in the 0{(E/M s ) 8 ) terms and the terms of order 0({E/M s ) A ). 

It should be emphasized that the numerical results as in Fig. El are calculated using full 
expression upto the order of 0((E/M s ) 8 ). They are different from the results obtained from 
the approximation using the leading order upto 0((E / 'Ms) 4 ) as is given in Section V. The 
difference becomes very obvious in the ci-type quark with high value of T(~ 4). 



V. PARTIALLY POLARIZED BEAMS 



Let P\(2) be the degrees of the longitudinal polarization of the e ^ beam defined as (i — 1, 2) 



N l R -N l L 

* ~ N R + N* L (19) 

where N l L ^ is the number of particle % with the left(right)-handed helicity in the beams. The 
polarized differential cross section can be expressed as 



da po1 
dz 



D, 



da 



LL 



da 



LR 



dz 



dz 



n / da RR da RL 
U R I — ; r 



dz 



dz 



(20) 



where 



-(lTPi)(l± A)- 



(21) 



Upper(lower) signs are for L(R). -Dl(^) represents the scattering involving the left(right)- 
handed electron. 



A. The partially polarized left-right asymmetries 

In practice, the observable left-right asymmetry is defined with respect to the partially 
polarized beams of electron and positron by taking difference of the total number of events 
when the polarizations of the beams are inverted. It is therefore given by 

A bs = ~Pcomb^-LR (22) 
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where P comb = (D R - D L )/(D R + D L ). For (P 1; P 2 ) = (-0.8,0), P comb is -0.8, while P comb 
becomes —0.946 when (Pi,P 2 ) = (—0.8,0.6). The full expressions of Alr(z) for the KK- 
gravitons and SR models are given in the Appendix. 

B. The polarized forward-backward asymmetries 

With the partially polarised beams of electron and positron, we can calculate Ap R using 
Eq. (|20|) . The full expressions for the asymmetries induced by KK gravitons and SR are given 
in the Appendix. Up to the leading order of 0((E / 'Ms) 4 ) in the energy Taylor expansion, the 
polarized forward-backward asymmetry induced by the stringy corrections is 

Apol, string _ »pol,SM . \ tpol, string ('OQ^ 
Ap B — A FB + AA/i FS [A6) 



\tpol, string IT f E 



x 



1 _ D a T,F a \ ApoltSM /21T\ D L (F LL - F LR ) + D R (F RR - F RL ) 
4 d SM ) FB V 8 J d SM 



where the Einstein summation convention is implied for a = L,R. SP^ = Fll + Plb and 
SP| = P| L + Fl R . The other combination is obtained by exchanging L ^ R. The SM value 
is given by 

A p // M = ^ (24) 
dsM 

with n SM = (D L (Fl L - Fl R ) + D R (Fl R - P^))/2 and d SM = 2(P Q SP a 2 )/3. 

Fig. EHHlshow Afb induced by KK gravitons and SR in comparison to the SM values with 
respect to the CM energy. Assuming the string scale Ms = 1.5 TeV and the effective quantum 
gravity scale Mh = 2 TeV, the differences between the asymmetries induced by the two models 
appear at higher CM energies even in the case when they are indistinguishable at the low CM 
energies. This is due to the fact that while the chirality of the stringy interaction keeps the terms 
of both order 0((E /M5) 4 ) and 0((E /Ms) 8 ) in the expression of Ap R , the non-chiral graviton 
interaction, on the other hand, keeps only the term of order 0((E/Mh) a ) in the numerator 
ripB-, and only term of order 0((E/M H ) 8 ) in the denominator dp R (see Appendix). This leads 
to distinguishable aspects of the two models. 
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C. The polarized center-edge asymmetries 



With the partially polarised beams of electron and positron, we can calculate Ace using 
Eq. (|2U|) . The full expressions for the asymmetries induced by KK gravitons and SR are given 
in the Appendix. The deviations from the SM values for various polarizations of the beams 
for the stringy model are plotted as in Fig. OH Up to the leading order of 0((E / M$Y) 
in the energy Taylor expansion, the polarized center-edge asymmetry induced by the stringy 
corrections is 

a pol, string _ *pol,SM . a a pol, string /nr\ 
A CE — ^CE + a/1 CE \ ZC> ) 



firing = _ ( 3^ ^ L + 3 T^|^ j Z*(l - Z^). (26) 



where the SM value is given by 



A pol,SM = l z ^ 3 + z *2j _ L ( 2? ) 



Eq. (|27|) is unique for the spin-1 contribution in the 4-fermion scattering. Any NP particles 
with spin-1 will not change this z*-dependence. Remarkably, the spin-2 contributions, either 
in the form of KK [15] or the string states (Eq. ()26j) ). will induce the deviations from this SM 
value proportional to z*(l — z* 2 ). 

Similar to the Afb case, the chirality of the stringy interaction keeps terms of both order 
0((E /M5) 4 ) and 0((E/Ms) 8 ) in the expression of Ace{z*) while in the case of KK gravitons, 
there is NO terms of order 0((E /M^) 4 ) in the constant term cq and the denominator dcE- 
The differences become obvious when |T| is relatively large (~ 4) as shown in Fig. El 



VI. CONCLUSIONS 



We have constructed and approximated the tree-level stringy amplitudes of the scattering 
e + e~ — * //. The low-energy stringy corrections for the 4-fermion processes contain both spin- 
1 and spin-2 contributions with the chiral couplings inherited from the zeroth mode states 
identified with the gauge bosons in the SM. The chirality of the couplings is diluted by the 
non-chiral choice of the purely-stringy piece of the stringy interaction, characterized by T. 
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The contributions from both stringy spin-1 and spin-2 are of dimension-8 in nature. The low- 
energy dimension-8 spin-1 contribution is remarkably distinctive from the dimension-6 contri- 
butions in other Z' models. The chirality of stringy spin-2 interaction also leads to unique 
phenomenological features distinguishable from the non-chiral spin-2 interaction induced by 
the KK-gravitons (or massive gravitons). 

Then we investigated the signatures of the TeV-scale string model at the e + e~ collider in 
comparison to the KK-gravitons using angular left-right, forward-backward, and center-edge 
asymmetries. The deviations of the asymmetries from the SM values are investigated separately 
for each model. All asymmetries show significant differences between the low-energy correc- 
tions of the two models. For the e + e~ collider with variable center-of-mass energies from 500 to 
1000 GeV and assuming Mgrm = 1-5(2) TeV, the forward-backward asymmetries show drastic 
differences between stringy signals and the KK-graviton ones. The center-edge asymmetries 
also show significant differences between the two models if the Chan-Paton parameter |T| (rep- 
resenting purely stringy piece of the interaction) in the SR model is sufficiently large (~ 4). 

The origin of the differences between the two models is mainly (another reason is the fact 
that SR also has spin-1 contribution in addition to spin-2) the chirality of the interactions. 
While the string interaction is chiral, the interaction induced by the KK gravitons, couple to 
the energy-momentum tensor T^, is non-chiral. As we can see in the Appendix from the full 
espressions of A LR (z), A FB , A C e(z*), the chirality of the stringy interaction keeps almost all 
of the terms of order 0((E/M s ) 4 ) and 0((E/M s ) 8 ) while the non-chirality of the interaction 
of the KK gravitons eliminates certain terms of order 0((E /Mh) ) and 0((E/Mh) 8 ) in the 
asymmetries. Specifically, the a\ term in Alr{z) contains only the SM term in the case of KK 
gravitons, in contrast to the stringy case. In A FB , as discussed above, n FB (dFB) in the case 
of KK gravitons does not contain the term of order 0({E/M H ) 8 )(0{(E/M H ) A )). For A C e(z*), 
Co, dcE does not contain terms of order of 0((E/Mh) a ) in the case of KK gravitons. This is in 
contrast to the processes where the stringy interaction is non-chiral as well as having only the 
spin-2 contributions such as in the scattering //,77 — > 77; in which case the two models give 
exactly the same low-energy signatures [lfil ]. 

In the intermediate energy range (mz <C E < M$tm) with sf(s — m 2 z ) « 1., since the 
deviations induced by KK gravitons and SR depend only on (E/M), the results in this article 
therefore are also valid for the CLIC with center-of-mass energies 3 to 6 TeV with Msim = 9(12) 
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APPENDIX A: ANGULAR LEFT-RIGHT ASYMMETRY 



2 3 4 

. , cio + d±z + a^z + CI3Z + a^z , . . 



1. KK-graviton 
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go = l -(ZFl-ZF* R ) 

+ Ya{w) (( Si71 L 2 + 3TSF L )-(S^ + 3TSF R )) 

+ y (^) " F 2 L r + 3T(F LL - Flr)) - (F 2 RR - F 2 RL + 3T(F RR - F RL ))) 

+ ^ (^) 8 {(FIl - F 2 LR + QT(Fll - F LR )) - {F RR - F RL + 6T(F RR - F RL ))) 

+ Y^) (&Fl + 3TZF L )-(ZF 2 R + 3Ti:F R )) 

«3 = y ( J-) ((i^ - F 2 LR + 3T(F LL - Fl R )) - (F RR - F RL + 3T(F RR - F RL ))) 

+ ^ (^) 8 ((F 2 LL - F 2 LR + 6T(F LL - F LR )) - (F RR - F RL + 6T(F RR - F RL ))) 

a4 = ^6 (t^) 8 + 6TSFl) ~ + 6TSj M 
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b = -(XF 2 L + EF 2 R ) 

+ ^ (^) 8 + 6T£F L ) + (£F 2 + 6T£F fi ) + 36T 2 ) 

bi = \ {{F 2 LL - Fl R ) + {Fl R - F 2 L )) 

+ y (^) - F 2 LR + 3T(F LL - Fl R )) + (F 2 R - F 2 L + 3T(F RR - F RL ))) 

+ ^ (^) 8 {{FIl ~ F 2 LR + QT(Fll - F LR )) + (F 2 R - F RL + 6T(F M - F RL ))) 

+ Y (i^) 4 ( (Ei ^ + 3TSFl) + (EF * + 3TSi ^) 

+ ^ (^) 8 + 6T£F L ) + (EF 2 + 6T£F fi ) + 36T 2 ) 

&3 = y (^) 4 {{PIl - ^ + 3T(F LL - F LR )) + (F 2 R - F RL + 3T(F RR - F RL ))) 

+ ^ (^) 8 - Fl R + 6T(F LL - Fl R )) + (F RR - F 2 L + 6T(F RR - F RL ))) 

h = ^ ( + 6T£F L ) + (£F 2 + 6TSFr) + 36T 2 ) 



APPENDIX B: FORWARD-BACKWARD ASYMMETRY 



A FB = U -P- (Bl) 



1. KK-graviton 



n FB = - (D L (Fl L - F[ R ) + Dr(Fr R 



RL 



Xxw 









{D L Y,F L + D R EF R ) 



D L + D 



R 



E 



M, 



H 
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2. SR 



n FB = \ (D L (F 2 LL - F 2 LR ) + D R (F 2 RR - F 2 RL )) 

+ i§~ (wS ( Dl{f2ll " f1r + 3T{Fll " FLi?)) + " f2rl + 3T{Frr " 

+ ^ (^) 8 - F| B + 6T(F LL - Flr)) + D R (F RR - F RL + 6T(F^ - F« L ))) 

<*fb = 2 -{D L ^Fl + D R ^F 2 R ) 

+ y (^) (^(SF 2 + 3TSF L ) + r^(£F 2 + 3TEF*)) 

+ ^ ( + 6TSF L ) + r, R (£F 2 + QTHF R ) + 18T 2 (L> L + 

APPENDIX C: CENTER-EDGE ASYMMETRY 



„ / *x C + Ci^* + C 2 2* 2 + C 3 -2* 3 + C 4 2* 4 + C 5 Z* 5 . , 

AcE\Z ) = (OIJ 



1. KK-graviton 
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c 5 

d-CE 



E 

-A 2 (— 

5 VAfe 





(£>L + D R ) 



2. SR 



c = -jj(D L £Ff + Z^SF 2 ) 

- y (^) (^l(SF l 2 + 3TSF L ) + D R (EF R + 3TSF R )) 

- ^ (^) 8 + 6TSF L ) + D R (ZF 2 R + 6TSF R ) + 18T 2 (D L + £>*)) 
Cl = (D L ZF 2 + D R ZF 2 ) 

+ y(j|) ( j Dl(SF l 2 + 3TSF l ) + j D r (SF 2 +3TSF r )) 

+ ^ (^) 8 (^l(SF l 2 + 6TSF L ) + D R {HF 2 R + 6TT,F R ) + 18T 2 (L> L + 

c 3 = \(D£LF* + D R ZF 2 ) 

+ y (^) (D L {HF 2 L + 3TSF L ) + ^(SF 2 + 3TSF R )) 

+ ^ (^) 8 (D L (ZFl + 6TSF L ) + D R (Y1F R + 6TSF R ) + 18T 2 (L> L + D R )) 

c 5 = ^ (^) 8 + 6TSF L ) + ^(SF 2 + 6T£Fr) + 18T 2 (L> L + 

c 2 ,c 4 = 

= ^(^lSFI + ^SF 2 ) 

+ y (^) 4 (Dl(ZF 2 l + 3TSF L ) + ,D R (SF 2 + 3TSF R )) 

+ ^ (^) 8 (D L (EFl + 6TSF L ) + ,D R (SF 2 + 6TSF R ) + 18T 2 (L> L + D R )) 
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FIG. 1: The angular left-right asymmetry for e + e~ — > // at E = 500 GeV. The dot curve represents 
the SM. On the left side, the solid(dash) curve represents the SR model with Ms = 1.5 TeV, T = 
1(— 1). On the right side, the solid(dash) curve represents the KK-graviton model with Mh = 2 TeV, 
A = -1(1). 
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FIG. 2: The deviations of the center-edge asymmetry from the SM values for the scattering e + e — ► //. 
The left side is the SR model with E/M s = 1/3. Solid(dash) curve represents \T\ = 4(1). The right 
side is the KK-graviton model with E/Mh = 1/4. 
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FIG. 3: The deviations from the SM value of the center-edge asymmetry induced by stringy corrections 
AAqe = Ace — Asm for the / = /x,r when EjMg = 3,T = 4 for various degrees of polarization of 
the electron (Pi) and positron (P2) beams. 
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FIG. 4: The deviations from the SM value of the center-edge asymmetry induced by stringy corrections 
AAce = Ace — Asm for the f = u,c when E/Ms = 3, T = 4 for various degrees of polarization of 
the electron (Pi) and positron (P2) beams. 
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FIG. 5: The deviations from the SM value of the center-edge asymmetry induced by stringy corrections 
AAqe = Ace — Asm for the f = d,s,b when E/M$ = 3, T = 4 for various degrees of polarization of 
the electron (Pi) and positron (P2) beams. 
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FIG. 6: The forward-backward asymmetry Afb for / = I^,t induced by stringy corrections and KK- 
gravitons interfering with the tree-level SM contribution when the electron and positron beams have 
polarization (Pi,^) = (—0.8,0). The SM value is also given for comparison as an almost constant 
dash line. 
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FIG. 7: The forward-backward asymmetry Afb for f = u,c induced by stringy corrections and KK- 
gravitons interfering with the tree-level SM contribution when the electron and positron beams have 
polarization (P\,P-2) = (—0.8,0). The SM value is also given for comparison as an almost constant 
dash line. 
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FIG. 8: The forward-backward asymmetry Afb for f = d,s,b induced by stringy corrections and KK- 
gravitons interfering with the tree-level SM contribution when the electron and positron beams have 
polarization (Pi,P?) = (—0.8,0). The SM value is also given for comparison as an almost constant 
dash line. 
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